The vibrational states, absorption energies, and diffusions of H in Pd and Pd 1Ϫx Ag x (0рxр1) have been studied by first-principle calculations. All results compare favorably to experiment. The zero-point motion of H is important in the determination of the H site occupation, in the estimation of the diffusion barrier, and in the explanation of the reversed isotope effect. The interesting anomalous isotope effect is explored, and a diffusion mechanism is proposed for tritium. The preferred diffusion paths of H in Pd and Pd 1Ϫx Ag x are ''indirect'' paths. According to the absorption energies and diffusion barriers, H diffusion in Pd-Ag alloys should avoid the Ag-rich areas.
I. INTRODUCTION
The Pd-H system has continuously attracted attention, not only because of its technological application in H storage and separation, but also because of its special place within the more general class of metal hydrides with its an extensive literature. [1] [2] [3] [4] Pd is special since it readily dissociates H, stores H at high volumetic density, and has a high H diffusivity. For the different H concentrations at room temperature, there are two phases in PdH x fcc lattice including the ␣(xϽ0.1) phase and the ␤(xϾ0.6) phase. 5 Both phases exhibit a fcc structure and differ only in their lattice constants. Of particular interest are the alloys of Pd with silver, which are widely employed as a material for the diffusion membranes. Pure Pd is not attractive for practical applications because loading with H induces a structural phase transformation, 1 which causes embrittlement over H loading and unloading cycles. By alloying Pd with Ag, the phase transition and the associated embrittlement can be suppressed.
Over the years, there has been a continued theoretical interest in the vibrational energies, the diffusion, and the dissociation of H in pure Pd, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] but there is little theoretical understanding of H in Pd-Ag alloys. This paper and a recent paper by Lo "vvik 16 intend to fill this gap. In the present work, the anharmonic excitation energies, absorption energies and activation energies of H in Pd and Pd-Ag alloys are addressed. Our results show that the harmonic approximation is inadequate to study the vibrations of H in the Pd-Ag alloys and the solubility of H in the Pd-Ag alloys increases for a 25% silver concentration. In particular, we stress the influence of the zero-point motion on the absorption and diffusion of H. Besides that, we explore the interesting anomalous isotope effect. [17] [18] [19] [20] The paper is organized as follows. Section II describes the theoretical methods. Section III discusses the main calculation results. Section IV consists of a summary and conclusions.
II. MODEL AND SIMULATION METHODS
For H in pure Pd, the experiment shows that PdH x (0 рxр1) has a face-centered cubic ͑fcc͒ crystal structure. 5 H preferentially occupies the octahedral site in the interstitial spaces of Pd fcc lattice. [21] [22] [23] [24] To investigate both ␣ and ␤ phase, we performed calculations for several H concentrations in PdH x (xϭ0.03125, 0.0625, 0.25, 0.5, 0.75, and 1͒, where x is the ratio of H/Pd. In detail, PdH 0.03125 , PdH 0. 25 16 H. PdH is modeled by one hydrogen and one Pd. The H 2 molecule is modeled by a dimer in a simple cubic supercell. The lattice constant is 10 Å, which is large enough to prevent interaction between two H 2 molecules. The calculated bond length of 0.75 Å for the H 2 molecule agrees well with the experimental value of 0.74 Å. 25 For the alloy structures, the experiment shows that the majority of binary alloys of Pd with the neighboring elements in the periodical table have fcc compositions. 26 In our study, fcc structures have been assumed for Pd 1Ϫx Ag x (x ϭ0.0, 0.25, 0.5, 0.75, and 1.0͒ alloys, where x is the fraction of Ag. H absorption in Pd 1Ϫx Ag x alloys and in pure silver was modeled by the simple cubic ͑or tetragonal͒ cells containing four heavy atoms ͑Pd or Ag͒ and one H atom, depicted in Fig. 1 The quantum-mechanical study was performed using the Vienna ab initio simulation package, 27, 28 which allows for periodic density functional theory ͑DFT͒ calculations by solving the Kohn-Sham equations ͑KS͒ with pseudopotentials and a plane wave basis set. The approach implemented in the program is based on a finite-temperature generalized gradient approximation with the Perdew-Wang 91 functional. 29 The interactions between the ions and the electrons are described by the ultra-soft ͑US͒ pseudopotentials introduced by Vanderbilt. 30 Brillouin-zone integrations were performed on an 11 ϫ11ϫ11 mesh. 31 The energy cutoff is 436 eV. With these basis set, we chose Pd 4 H as a test, when the energy cutoff was increased to 500 eV or the mesh was increased to 15 ϫ15ϫ15, the changes of total energy in these cases were smaller than 0.5 meV per atom. A Gaussian smearing with 0.2 eV was applied during the geometry optimization. There are two kinds of geometry optimization in our calculation. One just optimizes the coordinates of atoms. This is suitable for a high symmetry cell such as the cubic cell. The other fully optimizes structure including coordinates and lattice vectors ͑cell volume͒. This is suitable for a low symmetry cell such as the tetragonal cell. In all calculations, the total energy was converged to be less than 0.5 meV with respect to the k point sampling, energy cut-off and cell size. In order to check the accuracy of the US pseudopotentials for our models, the absorption energy ͑per H atom͒ of H in the octahedral site of PdH 0.25 also was calculated by Blöchl's projector augmented wave ͑PAW͒ method. 32 There is allelectron description of the electron-ion-core interaction in the PAW. This method is able to describe bulk properties very accurately, the level of accuracy is comparable to FLAPW calculations. 33 The results show that the absorption energy of 0.171 eV calculated by the PAW method is almost the same as that of 0.170 eV by the US pseudopotentials. The energy difference is less than 1%.
Equilibrium lattice constants were obtained by fitting the total energies at different lattice constants to a so-called Rose curve. 34 The calculated lattice constants of Pd 1Ϫx Ag x and PdH x as a function of x are plotted in Figs. 2͑a͒ and 2͑b͒ , respectively. The calculated lattice constants of 3.96 Å for Pd and 4.17 Å for Ag are in good agreement with the experimental values of 3.89 Å and 4.08 Å, 35 respectively. As can be seen in Fig. 2͑a͒ , the calculated lattice constants increase almost linearly with increasing Ag concentrations. This behavior is very similar to that of the experiment. 35 Both calculated and measured results in Fig. 2͑b͒ show the lattice constants increase with increasing H concentrations. It is noted that the experimental finding of 0.06-Å lattice difference between pure Pd ͑Ref. 36͒ and PdH 0.25 ͑Ref. 5͒ is reproduced in our calculations. The lattice constants for Pd 1Ϫx Ag x H 0.25 are compiled in Table II. The vibrational excitations of H in the octahedral sites were calculated using the ANHARMND ͑Ref. 36͒ package. The package solves the time-independent Schrödinger equation based on the potential energy surface ͑PES͒. The three dimensional ͑3D͒ PES is fitted with the polynomial functions in (x,y,z). 37 A fourth-order polynomial was found to fit the PES very well. The deviation of the fit was less than 0.2%. To obtain a reasonable description of the vibrations of H in the octahedral site, a 7ϫ7ϫ7 mesh was chosen, and the step size of H displacement was 0.06ϫa x ͑or a y or a z ). With this set, the calculated results of PdH and PdD agree well with the experiment. When a more dense mesh is used, the results do not show any clear improvement. The test results are summarized in Table III. The nudged elastic band method ͑NEB͒ ͑Ref. 38͒ was used to calculate energy barriers for the H diffusion. Each image in the NEB is only allowed to move into the direction perpendicular to the hyper-tangent, which is calculated as the normal vector between two neighboring images. The algorithm keeps the distance between the images to first order constant. The quasi-Newton algorithm was used to refine the obtained result with the NEB. The forces and the stress tensor are used to determine the search directions to find the equilibrium positions, until they are less than 0.02 eV/Å. 
III. RESULTS AND DISCUSSIONS

A. Zero-point and excitation energies of the vibrations of H
The zero-point ͑ZP͒ and excitation energy of the vibrations of H in the octahedral site of the Pd and Pd-Ag alloys are calculated by solving the time-independent Schrödinger equation. 36 The energy levels are expressed as follows:
where E 000 is the oscillator ground state energy. n,m and l are the quantum numbers of the harmonic-oscillator states. show that the energies decrease with increasing H concentrations. This can be explained by the fact that the increasing H concentration leads to the increase of the lattice constant, resulting in the shallower vibrational PES, and thus lowing the excitation energy. 39 This was also concluded by Elsässer et al. 43 Table IV shows that the calculated results are in good agreement with the experiment 38 and the previous calculations. 6 For H in PdH 0.25 , the energies calculated by Elsässer et al. overestimate the energies to some extent. Elsässer et al. explained this by lack of the local lattice relaxations during the PES calculations. This does not seem important for the energies if we compare our results with the experiment, indicating that the total-energy calculations are good enough to predict the vibrational energies. To explain inelastic-neutron-scattering spectra, 43 Elsässer et al. 6 proposed that two excited states of 137Ϯ2 meV and 156 Ϯ3 meV seem to be the excitations e 200 (1) and e 200 (2) , respectively. These states are also observed in our calculations. For the higher excitation energies, the mixing among them are clearly observed. Figure 4 shows the energies increase with increasing H concentrations. The ZP energies of H decrease with increasing H concentrations ͑see Fig. 3͒ , which partly contributes to the increasing energies. This tendency also means the H-H interaction is attractive in this case, which was also concluded by Christensen et al. 45 based on the effective-medium theory. However, the curve behavior in Fig. 4 Fig. 4 with the phase diagram. 5, 46 The reason for the maximum is unclear. This may be due to the electronic or geometric effect ͑or both͒. Further investigation is necessary. Figure 5 16 who concluded that the most stable sites have Ag as the next-nearest atoms. When x is larger than 0.5, Fig. 5 shows the energies decrease significantly with increasing Ag concentrations. This is in accordance with the experimental observation, 48 where the solubility of H in the Pd-Ag alloys decreases greatly when the Ag concentration is larger than 50%. For H in pure silver, The energy of Ϫ0.76 eV of H in AgH 0.25 indicates that this structure is extremely unstable. This is in accordance with the experimental observations, 49, 50 where there is an extremely low hydrogen solubility in pure Ag.
The site occupation of H in the various interstitial sites of metals is an important topic. [21] [22] [23] [24] For H in pure Pd, the absorption energy of H in the octahedral site is 81.4 meV more stable than that of H in the tetrahedral site. So the octahedral site is preferred by H. This is in accordance with the experiment. [21] [22] [23] [24] For H in pure Ag (AgH 0.25 ), the absorption energy of Ϫ0.667 eV of H in the S 110 site is in good agreement with the experimental value of Ϫ0.59 eV. 47 However, the occupation of H in the S 110 expands the lattice constant greatly, which seems to be unphysical. 51 Considering the oscillation energies, we found that the energy of 96.5 meV of H in the tetrahedral site is in good agreement with the experimental predication of 93 meV. 52 As a result, there are some uncertainties for the occupation of H in pure Ag. For H occupations in the alloys, the calculated results show H in O 1 sites are more stable than H in the O 2 sites in each structure ͑H can not be localized in the tetrahedral sites of the alloys if the ZP energies are considered͒.
C. Diffusion barriers and paths of H
The diffusion barriers calculated with and without relaxation of the heavy atoms are determined by the saddle point search using the NEB method. 38 According to the absorption energies of H in the Pd-Ag alloys in Fig. 5 , there is an extremely low H solubility in the Ag-rich areas exemplified by H in Pd 0.5 Ag 0.5 H 0.25 , Pd 0.25 Ag 0.75 H 0.25 and AgH 0. 25 . This indicates that as it diffuses, H will avoid the Ag-rich areas. This coincides with the result of Opara et al. 49 who drew this conclusion based on an experiment and a simple model. Considering this, we would not discuss H diffusion in these structures. The rest of the paper mainly focuses on H diffu- The diffusion barriers calculated with and without relaxation of the heavy atoms in Figs. 6 and 7 are summarized in Table VI . It shows that the corresponding barrier in the ''indirect'' path is much lower than that in the ''direct'' path, indicating that the preferred diffusion paths are ''indirect'' paths. The remainder of the diffusion barriers in this paper are given in terms of the ''indirect'' paths. For H diffusion in pure Pd, the measured barriers are between 230 and 300 meV. 22, [55] [56] [57] [58] If the ZP energies are included, the barriers calculated with and without the relaxation are 204.0 and 387.7 meV, respectively. Obviously, the barrier in the relaxed case is much closer to the observed barriers. It is noted that the barrier of 387.7 meV calculated without the relaxation does not differ very much from the measured values. This reflects the possibility that the heavy atom lattice has almost no time to respond in the case of a very quick jump. According to the above analysis, we conclude that the relaxation of the heavy atoms is important for the height of the diffusion barrier, and the real diffusion barrier should be somewhat larger than the barrier calculated with the relaxation. The diffusion of H isotopes in bulk Pd shows an interesting isotope effect ͑IE͒: the diffusion constant of deuterium ͑D͒ is greater than that of H, which in turn is greater than that of tritium ͑T͒. 17 The IE between H and D ͑the heavier isotope diffuses more rapidly than the lighter one͒ shows the reversed IE effect. Despite many classical and quantum rate models for H diffusion in metals, 18 -20,59 the understanding for the anomalous IE still is not fully clear. Obviously, the classical rate theory fails to explain the reversed IE, and it predicts that the sequence of the constants: D H ϾD D ϾD T . Jost and Widman 18 explained the reversed IE successfully by using the quantum mechanical modified classical rate theory. Later, Sicking 20 pointed out this theory cannot explain why T diffusion is the slowest ͑it predicts T diffusion to be the fastest͒. As a solution, a ''quantum leak'' mechanism was proposed by Sicking 20 who assumed that H and D tunnel in their excited state E n , and T tunnel in the higher energy state E m (mϾn) ͓the potential there is very similar to Fig. 9͑a͔͒ . In this way he obtained the sequence of activation energies E T ϾE D ϾE H ͓see the arrows in Fig. 9͑a͔͒ . Although the assumption sounds reasonable, it was not underpinned by further theoretical evidence.
To verify Sicking's assumption, 20 we fit the 1D finite potential ͓Fig. 9͑a͔͒ to the 22nd order polynomial. The energy splittings are determined by solving the time-independent Schrödinger 36 based on the polynomial. The calculated quantum tunneling frequencies of H isotopes are compiled in Table VII according to expression
where ⌬E is the energy splitting and h is Plank's constant. Using these frequencies, we can evaluate the jump frequency from where E n corresponds to the n-th energy level of H isotopes, and k is the Boltzman constant. The diffusion constants are calculated without taking the effects of lattice deformations into account,
where L is the distance between two nearest octahedral sites. The calculated tunneling diffusion constants of H isotopes are compiled in Fig. 8 . At low temperatures, Fig. 8͑a͒ shows that the constants are mainly dominated by the ground state tunneling effect. The occupation of the higher excited states is reduced at the low temperatures. With increasing temperatures, the higher excited states become thermally occupied, and thus the contributions from the higher excited states dominates the constants. Comparing the calculated constants of H with that of the experiment, 17 we find that the current results underestimate the experiment data. Fig. 8͑b͒ compares the calculated diffusion constants of H isotopes. It shows that the constant of H is greater than that of D, which in turn is slightly greater than that of T. This indicates that the quantum tunneling effect of H is more than that of D, which is slightly more than that of T. The calculated results fail to explain the reversed IE.
If we calculate the constants according to the traditional 1D quantum transition-state rate theory, 60 the results seem to be much better. The expression is
where E ϩ is the activation energy, 0 and ϩ are the vibrational frequencies in the octahedral site and in the saddle point, respectively. The barriers including the ZP energies and frequencies are compiled in Table VIII and Fig. 9͑c͒ . Figure 10 shows that the calculated and measured temperature dependence of the diffusion constants of H isotopes in PdH 0.25 . It shows the calculated diffusion constant for D is in quite good agreement with the experiment. 61 The calculated results for H underestimate the experimental data. 61 This implies that the quantum tunneling effect may make an important contribution to the constant. The calculated results can easily explain that the reversed IE (D D ϾD H ). In Figs. 9͑a͒ and 9͑b͒, they show that T can easily be localized in the tetrahedral site of PdH 0. 25 . This indicates that the diffusion mechanism of T is different from that of H or D. For H or D, it just needs a jump from an octahedral site to another, but for T, it needs double jumps, where T first jumps from an octahedral site to the nearest tetrahedral site. From there it may jump back or jump forth, or just stay there due to the possibility of the increases of barriers on both sides. The real diffusion process may be complicated. If we simply consider that T jumps L/2 distance for one jump in Eq. ͑5͒, surprisingly, the calculated constant agrees reasonably with the experimental data. 61 To some extent, this supports our proposed mechanism. In this way, the anomalous IE becomes quite clear now.
IV. CONCLUSIONS
The vibrational states, absorption energies, and diffusions of H in PdH x (xϭ0.03125, 0.0625, 0.25, 0.5, 0.75, and 1͒ and Pd 1Ϫx Ag x H 0.25 (xϭ0, 0.25, 0.5, 0.75, and 1͒ have been studied by DFT.
The vibrational energies of H are determined by solving the time-independent Schrödinger equations based on the PESes. The results show that the harmonic approximation is inadequate to study the vibrations of H in Pd x H and Pd 1Ϫx Ag x H 0.25 . The lattice constant dependence of the vibrational energy is revealed. For the lower H concentrations in Pd (PdH x , xϭ0.031254 and 0.25͒, our method seems to be somewhat of an improvement compared to that of Elsässer. The present results demonstrate that the total energy calculations are good enough to predict the vibrational energies even for the lower H concentrations. For H in some of the Pd-Ag alloys, the vibrational energy of e 001 is significantly larger than that of e 100 . Both Ag and Pd atoms may contribute to the steep vibrational potential for different rea- The interesting anomalous isotope effect is explored. The ZP energy of H in the saddle point is significantly greater than that of D. Thus the activation energy of H is greater than that of D. This is the main reason for the reversed IE. A diffusion process is proposed for tritium.
Due to the light mass of H, the ZP motion is very important in the determination of the absorption site and the diffusion barrier of H. In general, the ZP energies of H in the octaheral sites of pure Pd and Pd-Ag alloys are smaller than 120 meV, and the ZP energies of H in the tetrahedral sites are larger than 150 meV ͑see Tables IV and Table V͒ . This means that the ZP energy of H in the octaheral site increases the absorption energy, and the ZP energy of H in the tetrahedral site decreases the absorption energy. For H absorption in PdH 0.25 , the theoretical results show H in the tetrahedral site is 10.8 meV more stable than H in the octahedral site without considering the ZP motions. If the ZP energies are included, H in the octahedral site is 81.4 meV more stable than H in the tetrahedral site, and H cannot even be localized in the tetrahedral site ͑see Fig. 9͒ . For H in the alloys, H cannot be localized in the tetrahedral sites either if the ZP motions are considered. The ZP motion plays a key role in explaining the reversed IE.
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